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ABSTRACT
The star formation main sequence (SFMS) is a tight relation between the galaxy star
formation rate (SFR) and its total stellar mass (M⋆). Early-type galaxies (ETGs) are
often considered as low-SFR outliers of this relation. We study, for the first time, the
separated distribution in the SFR vs. M⋆ of bulges and discs of 49 ETGs from the CAL-
IFA survey. This is achieved using c2d, a new code to perform spectro-photometric
decompositions of integral field spectroscopy datacubes. Our results reflect that: i)
star formation always occurs in the disc component and not in bulges; ii) star-forming
discs in our ETGs are compatible with the SFMS defined by star forming galaxies at
z ∼ 0; iii) the star formation is not confined to the outskirts of discs, but it is present
at all radii (even where the bulge dominates the light); iv) for a given mass, bulges
exhibit lower sSFR than discs at all radii; and v) we do not find a deficit of molecular
gas in bulges with respect to discs for a given mass in our ETGs. We speculate our
results favour a morphological quenching scenario for ETGs.
Key words: galaxies: bulge - galaxies: evolution - galaxies: formation - galaxies:
structure - galaxies: photometry
1 INTRODUCTION
Early-type galaxies (ETGs), a category encompassing lentic-
ular and elliptical galaxies, are generally described as red,
passive/retired, and morphologically featureless systems at
the end of galaxy evolution. However, recent studies have
demonstrated that ETGs are not such as simple sys-
tems, but they represent a whole family showing a wide
range of specific angular momenta (Emsellem et al. 2011;
Cappellari et al. 2011), bulge-to-total luminosity ratios
(B/T ; Laurikainen et al. 2011; Kormendy & Bender 2012;
Me´ndez-Abreu et al. 2018), cold and ionised-gas amounts
(Sarzi et al. 2010; Davis et al. 2011; Serra et al. 2012), and
star-formation modes (Shapiro et al. 2010).
Despite most of the stellar mass in ETGs is formed
at high redshift (Cowie et al. 1996; Thomas et al. 2010;
Sa´nchez et al. 2019), the study of the recent star formation
in these systems has provided new clues on their mass assem-
bly. Studies of the ultra-violet (UV) emission in ETGs show
that residual star formation is occurring in the outer parts of
a non-negligible fraction of these galaxies (Jeong et al. 2007;
Salim & Rich 2010; Moffett et al. 2012), generally follow-
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ing distinctive spiral-like patterns noticeable in the ionised-
gas (Gomes et al. 2016b), that have been also detected in
atomic Hydrogen (Yıldız et al. 2015). Similarly, observations
of molecular gas (mostly CO) have also proved its presence
in ETGs and showed signatures of different modes of star
formation (Shapiro et al. 2010; Young et al. 2011). Spitzer
and GALEX observations have revealed that up to 10%
of the current stellar mass in ETGs is due to recent SF
(Kaviraj et al. 2007; Schawinski et al. 2007).
Still, the processes of triggering and shut-down of the
star formation in ETGs are not well understood. The low
efficiency of the star formation in these galaxies has been
attributed to both external or internal mechanisms. The
former are related to either major mergers where the gas
is rapidly consumed in the violent starburst (Hopkins et al.
2009) or processes related to high density environments
such as gas stripping (Feldmann et al. 2010). Internal pro-
cesses quenching the star formation can be related to en-
ergy feedback from either active galactic nuclei (AGNs) or
star formation that heats the gas (Cattaneo et al. 2009;
Schawinski et al. 2009), but also to disc stabilisation due
to the presence of a massive spheroid at the galaxy center,
the so-called morphological quenching (Martig et al. 2009,
2013). Detailed studies of low-level extended star forma-
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tion in early-type galaxies can therefore provide critical con-
straints on the relative importance of each of these mecha-
nisms in regulating the mass growth in these systems.
A powerful tool to study the evolution of the star for-
mation rate (SFR) in galaxies is provided by scaling rela-
tions such as the star formation main sequence (hereafter,
SFMS), a tight relation between a galaxy’s SFR and its to-
tal stellar mass (M⋆; Brinchmann et al. 2004; Salim et al.
2007). This relationship exists out to high redshifts, increas-
ing its normalization to higher values at earlier epochs such
that SFRs at a fixed stellar mass are higher by a factor of
∼20 at z ∼ 2 (e.g., Daddi et al. 2007; Speagle et al. 2014;
Sa´nchez et al. 2019). The position of the galaxies with re-
spect to the SFMS, at any given epoch, give us informa-
tion about whether the SFR is enhanced or suppressed rel-
ative to the mean for their stellar mass. Despite the large
amount of literature in the topic, most of the works on
the properties of the SFMS have been limited to stud-
ies of star-forming galaxies. Nevertheless, it is known that
ETGs remain well below the SFMS (Noeske et al. 2007;
Schiminovich et al. 2007; Sa´nchez et al. 2019), with various
processes invoked as responsible for the differences in SFR
with respect to star forming galaxies. These include: i) in-
ternal structure (such as bars and bulges; e.g. Wuyts et al.
2011; Bluck et al. 2014), cold gas fraction (Saintonge et al.
2012; Tacconi et al. 2013), interaction with other galaxies
(Scott & Kaviraj 2014; Willett et al. 2015) and the presence
of an AGN (Ellison et al. 2016; Sa´nchez et al. 2018).
In this paper, we explore for the first time the SFR vs.
M⋆ relation of ETGs separated into their bulge and disc
components. To this aim, we use the new algorithm c2d
(Me´ndez-Abreu et al. 2019) designed to perform spectro-
photometric decompositions of galaxy structures using inte-
gral field spectroscopy (IFS), in combination with Pipe3D
(Sa´nchez et al. 2016a), a taylor-made pipeline to retrieve
the stellar populations and ionised-gas properties from IFS.
The application of c2d+Pipe3D to the sample of ETGs
present in the CALIFA survey (Sa´nchez et al. 2012) al-
lows us to explore the SFR using the fossil approach
(Gonza´lez Delgado et al. 2016; Sa´nchez et al. 2019). There-
fore allowing for a robust comparison throughout the whole
sample independently of our ability to detect emission lines.
2 CALIFA SAMPLE OF ETGS
The sample of ETGs with photometric discs analysed in
this paper is extracted from the CALIFA data release 3
(DR3; Sa´nchez et al. 2016c). This last release comprises 667
galaxies covering a wide range of stellar masses and Hub-
ble types. Me´ndez-Abreu et al. (2017) carried out a mul-
ticomponent multiband photometric decomposition of 404
galaxies present in the CALIFA DR3 using SDSS imaging.
This includes all galaxies, but those with high inclination
(i > 70 degrees) or in interaction (see Me´ndez-Abreu et al.
2017, for more details). From this subsample, 127 galaxies
were visually classified as elliptical or lenticular (S0) galax-
ies in Walcher et al. (2014). A further, purely photomet-
ric, analysis on the nature of these ETGs was performed in
Me´ndez-Abreu et al. (2018) combining both a logical filter-
ing and a statistical diagnostic to separate ellipticals (pure
bulge) and lenticulars. We found that 41, 50, and 36 galax-
ies can be classified as pure-bulge (elliptical), lenticular, and
unknown, respectively. The latter group implies that our
photometric approach is not able to classify a given galaxy,
and that either a simple Se´rsic or a Se´rsic+Exponential fit
returns the same statistical solution. From the sample of
50 photometrically confirmed S0s, we discarded 29 galaxies
showing a stellar bar at their centres, while the 36 unknown
galaxies were analysed using their two-component (bulge
and disc) best fit. After the c2d fitting was performed, we
discarded other 8 (4 lenticular and 4 unknown) galaxies be-
cause the code did not converge. Therefore, the final sam-
ple used in this paper comprises 49 ETGs analysed with a
bulge-to-disc model, and 41 pure elliptical galaxies used as
a comparison sample.
The basic description of the CALIFA survey, includ-
ing the observational strategy and data reduction are ex-
plained in Sa´nchez et al. (2016c). In short, all galaxies were
observed using the PMAS/PPaK instrument, which covers a
hexagonal field of view (FoV) of 74 arcsec × 64 arcsec. The
reconstructed datacubes guarantee a complete coverage of
the FoV with a final spatial resolution of full width at half-
maximum (FWHM) ∼ 2.5 arcsec, corresponding to ∼ 1 kpc
at the average redshift of the survey (Garc´ıa-Benito et al.
2015) and covering up to 2.5 × re,g (galaxy effective radius)
for 90% of the sample (Walcher et al. 2014). The wavelength
range and spectroscopic resolution for the adopted V500
setup (3745-7500 A˚, R ∼ 850) are perfectly suited to explore
the properties of the stellar populations and the ionised-gas
emission lines.
3 C2D+PIPE3D ANALYSIS OF THE SAMPLE
The spectro-photometric decomposition of the CALIFA
ETGs into a bulge and disc was performed using c2d
(Me´ndez-Abreu et al. 2019). This new methodology allows
us to separate the spectral contribution of each structural
component providing an independent datacube for both the
bulge and disc. For the sake of clarity, we will briefly describe
the adopted procedure here.
The IFS datacubes from CALIFA can be understood as
a set of quasi-monochromatic 2D images at different wave-
lengths. Therefore, we can apply a 2D photometric decom-
position code to each of these images in order to isolate
the contribution from both the bulge and disc. In c2d, the
photometric decomposition engine is provided by GASP2D
(Me´ndez-Abreu et al. 2008, 2014), a code that has been
extensively tested on different galaxy samples with multi-
ple structures (de Lorenzo-Ca´ceres et al. 2019a,b). We used
a Se´rsic (Se´rsic 1968) and an exponential (Freeman 1970)
model to describe the light distribution of the bulge and
disc components, respectively. The best fitted values of the
intensities for each quasi-monochromatic image directly re-
turn the characteristic spectrum for each component. In ad-
dition, c2d derives an independent datacube (with spatial
and spectral information) for each component. To do this, for
each quasi-monochromatic image, the B/T and the disc-to-
total (D/T = 1 − B/T) ratios are computed for each spaxel.
Each fraction is then multiplied by the observed CALIFA
datacube in that spaxel and wavelength. Rearranging these
quasi-monochromatic images as a function of the wavelength
produces the independent bulge and disc datacubes. Further
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details on the specific application of c2d to CALIFA data
are presented in Me´ndez-Abreu et al. (2019).
The bulge and disc datacubes are then analysed
using the Pipe3D pipeline that uses the FIT3D tool
(Sa´nchez et al. 2016a), which is specifically designed to ex-
tract the stellar population and ionised-gas properties from
IFS data. In particular, Pipe3D has been extensively tested
on CALIFA data (e.g., Sa´nchez et al. 2015, 2016b) and
therefore the combination of c2d+Pipe3D represents the
best strategy to derive the stellar and ionised-gas proper-
ties of our bulges and discs. The current implementation of
Pipe3D adopts the GSD156 library of simple stellar popula-
tions from Cid Fernandes et al. (2013), that comprises 156
templates covering 39 stellar ages (from 1 Myr to 13 Gyr)
and four metallicities (Z/Z⊙ = 0.2 dex, 0.4 dex, 1 dex, and
1.5 dex). The best-fit stellar-population model spectra to
the galaxy continuum is subtracted from the original cube
to create a gas-pure cube including the ionised-gas emis-
sion lines only. For this particular data set, we used the
extracted flux intensities of the strong lines Hα and Hβ.
The intensity maps for each of these lines are corrected by
dust attenuation, derived using the spaxel-to-spaxel Hα/Hβ
ratio. A canonical value of 2.86 is then assumed for this ra-
tio (Osterbrock 1989), and adopting a Cardelli et al. (1989)
extinction law and RV = 3.1. We refer the reader to the
presentation paper of Pipe3D (Sa´nchez et al. 2016b) for a
detailed description of its application to CALIFA data.
4 THE STAR FORMATION MAIN SEQUENCE
OF ETGS
Figure 1 shows the SFR vs. M⋆ distribution for the bulges
and discs of the 49 ETGs of our sample. The SFR was de-
rived using the stellar population analysis described in Sect.
3 and the recipe given in Gonza´lez Delgado et al. (2016).
In a nutshell, for any given galaxy we compute the spaxel-
to-spaxel mass of stars younger than 32 Myrs. Then, by
co-adding these masses over a given aperture we can es-
timate the average rate of star formation during this pe-
riod. An extensive discussion about the optimal limiting age
of the stellar population used to define the recent SFR is
given in Gonza´lez Delgado et al. (2016). We tested the ro-
bustness of this assumption by repeating Figure 1 using a
limit of both 100 Myr and 200 Myr. We find that the re-
sults are qualitatively in agreement. Our stellar population
approach to compute the SFR is different from the usual
Hα luminosity proxy used in the literature (Kennicutt 1998;
Catala´n-Torrecilla et al. 2015). Nevertheless, it is most pow-
erful for ETGs since it does not depend on the detection of
emission lines. Fig. 1 also shows the SFR vs. M⋆ relation for
our comparison sample of ellipticals (see Sect. 2) and for our
ETGs without considering the bulge and disc components
separately. It is worth noticing that, due to the optical cov-
erage of the spectroscopic data, our SFRmight be considered
as upper limits for very low values of the SFR (see discussion
in Lo´pez Ferna´ndez et al. 2018; Bitsakis et al. 2019). This
issue is more acute for our bulge SFR estimations, while it
is almost negligible for the star-forming discs. However, this
does not affect the main conclusions of this paper.
It is clear from Fig. 1 that, whenever there is star forma-
tion in our ETGs, this is happening in the disc component
and not in the bulge. We find that on average the specific
SFR (sSFR) is smaller in bulges than in discs. The mean dif-
ference in logarithm accounts to at least 1.3 dex when inte-
grated across the whole FoV of CALIFA. In addition, a qual-
itative comparison with literature values of the best fit to
the SFMS at z ∼ 0 (Elbaz et al. 2007; Renzini & Peng 2015;
Gonza´lez Delgado et al. 2016; Sa´nchez et al. 2019) shows
that several discs of our ETG sample are compatible (or
over) with the SFMS, whereas bulges occupy the region
of the diagram defined by retired galaxies (Crocker et al.
2011; Cano-Dı´az et al. 2016; Sa´nchez et al. 2018), or even
lower SFR values for a given stellar mass. In particular,
we find that 30 discs and only one bulge (NGC3773) show
a SFR compatible (within 1σ) with the SFMS defined by
Sa´nchez et al. (2019). In fact, NGC3773 is not representa-
tive of the ETG classification since it hosts a strong starburst
in its central regions, likely due to a recent merger, and most
of the bulge light is dominated by young stellar populations.
The elliptical galaxies in our sample are located, for a similar
mass, in an intermediate position between bulges and discs,
more similar to the position of the galaxies when they are
consider as a whole (i.e., not separated into components).
The presence of residual star formation in the outer
parts of ETGs has been previously reported in the
literature from measurements of either emission lines
(Sarzi et al. 2006; Gomes et al. 2016a) or atomic/molecular
gas (Yıldız et al. 2015; Colombo et al. 2018). However, our
spectro-photometric decomposition analysis demonstrates
that the star formation in not only present in the outer
regions of ETGs, but at all galactocentric radii when con-
sidering the disc component. This is shown in Fig. 2 where
the radial profiles of the sSFR for bulges and discs are dis-
played in different mass bins. Galaxy discs exhibit quite flat
radial profiles for all different mass bins, indicating that the
levels of star formation bringing these structures to follow
the SFMS are maintained over the whole disc, and not just
in their outer regions. The disc sSFR profiles are similar to
those of Sc/Sd galaxies reported by Gonza´lez Delgado et al.
(2016), supporting the presence of a disc within galaxy re-
gions where the light is dominated by stars from the bulge.
Galaxy bulges show different profiles with a drop at the cen-
ter and a flat profile in their outer regions, possibly indi-
cating an inside-out quenching (e.g., Sa´nchez et al. 2018).
The expected trend between the sSFR and galaxy mass is
clearly shown in Fig. 2 and it holds for bulges and discs in-
dependently. We find that, for a given mass, bulges exhibit
a lower sSFR than discs at all radii. Only the lowest-mass
bulges (8 < log (M⋆/M⊙) < 9) show sSFRs as high as discs
of the same mass. However, our sample at these masses is
small (4 galaxies) and it is dominated by the high values of
NGC3773. It is worth noticing that all the SFRs derived for
the disc component in the C2D decomposition corresponds
to reliable fractions of young stars in the Pipe3D stellar
analysis. Bitsakis et al. (2019) determined that the SFR es-
timations derived by Pipe3D for galaxies with log(sSFR) >-
11.5 yr−1 are reliable (∼ 0.15 dex), while values reported for
lower sSFR (i.e., for RGs) should be considered just upper-
limits (marked with downward arrows in Fig. 1). These lim-
itations reinforce our results, since the separation between
star-forming discs and retired bulges could be even larger.
The question that arises is: what is producing the low-
ered SFR in bulges with respect to discs? A possible expla-
MNRAS 000, 1–6 (2015)
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Figure 1. Star formation rate (SFR) vs. stellar mass (M⋆) distribution for our sample of ETGs. The measurements for bulges and discs
are shown with red circles and blue stars, respectively. Black squares represent measurements of the same ETGs, but for the galaxy as
a whole. Yellow triangles display the position of the sample of elliptical galaxies described in the text. The best fit to the SFMS from
Elbaz et al. (Grey; 2007), Renzini & Peng (Orange; 2015), Gonza´lez Delgado et al. (Navy; 2016) and Sa´nchez et al. (Green; 2019) are
also shown for comparison. Downward arrows mark where the measured SFR is an upper limit (see text for details).
Figure 2. sSFR radial profiles for the bulges (reddish colors)
and discs (bluish colors) in our sample of ETGs. Different profiles
represent the average distribution of the sSFR for the bulge/disc
components within four different mass bins. The averaged radial
profiles are normalised to the galaxy effective radius.
nation might be a different amount of cold molecular gas
available to form stars in both components. We compute a
first order estimation of the mass of molecular gas (Mgas) in
our bulges and discs based on the estimated dust attenua-
tion from emission lines and the dust-to-gas ratio (Mgas,AV ;
Brinchmann et al. 2013; Galbany et al. 2017; Sa´nchez et al.
2018). We find a similar Mgas,AV as a function of the total
galaxy stellar mass for the bulges and discs in our sample
with averaged values Mgas,AV=8.9±0.8 and 8.3±0.8, respec-
tively. However, these numbers are not fully representative
of the sample since they are based on 17 bulges and 15 discs
with detected emission lines. In order to have a estimation
of Mgas for the whole sample we also use the average dust at-
tenuation affecting the stellar populations (Assp). We found
a similar trend, but with larger uncertainties, for the bulges
and discs with average values Mgas,Assp=8.8±0.9 and 8.6±1.1,
respectively. Further support to this result is provided by the
CO observations obtained within the EDGE-CALIFA survey
(Bolatto et al. 2017). Using these data, Utomo et al. (2017)
and Colombo et al. (2018) found that the surface density of
molecular gas is similar in the central and outer parts of
galaxies and that it is nearly constant for all Hubble types.
Therefore, even if a proper separation of the molecular gas
into different galaxy components has not been attempted,
MNRAS 000, 1–6 (2015)
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since Mgas,bulge ∼ Mgas,disc and SFRbulge < SFRdisc, it sug-
gests a lower star formation efficiency in bulges than discs.
The results of this paper indicate that the ab-
sence/excess of molecular gas is not the main factor respon-
sible for the different star formation in bulges and discs. We
suggest that other processes such as gravitational stabiliza-
tion against star formation (morphological quenching) might
be driving the lower star formation efficiency in bulges.
5 CONCLUSIONS
We use the new algorithm (c2d) to perform a bulge-to-disc
spectro-photometric decomposition of a sample of 49 ETGs
from the CALIFA DR3 survey. The stellar populations and
ionised-gas analysis of the independent bulge and disc dat-
acubes was then carried out using the Pipe3D code. This
unique combination allow us to study the SFR vs. M⋆ rela-
tion for bulges and discs to an unprecendented accuracy.
Despite ETGs are generally considered as passi-
ve/retired galaxies, we found that whenever there is recent
star formation this is present in the disc component and not
in the bulge. Morever, these discs are compatible with the
SFMS defined by star forming galaxies at z ∼ 0. On the
contrary, bulges of ETGs show SFRs similar (or lower) than
ellipticals of the same mass.
We find a flat radial profile of the sSFR for the discs,
whereas they show a central drop for bulges. Therefore, the
star formation in the discs of ETGs is not a phenomena only
associated to their outer regions, but it also occurs in galaxy
regions dominated by the bulge. This provides support for
the presence of discs in the inner regions of galaxies.
We also demonstrate that bulges have systematically
smaller sSFR (at all radii) than discs for the same mass.
In addition, we estimate similar molecular gas masses for
both bulges and discs in the ETG sample. Therefore, our
results suggest that dynamical processes such as morpholog-
ical quenching might be driving the mass growth of ETGs.
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